Two arginine residues, Arg-181 and Arg-268, are conserved throughout the known family of FMN-containing enzymes that catalyze the oxidation of ␣-hydroxyacids. In the lactate oxidase from Aerococcus viridans, these residues have been changed to lysine in two single mutations and in a double mutant form. In addition, Arg-181 has been replaced by methionine to determine the effect of removing the positive charge on the residue. The effects of these replacements on the kinetic and thermodynamic properties are reported. With all mutant forms, there are only small effects on the reactivity of the reduced flavin with oxygen. On the other hand, the efficiency of reduction of the oxidized flavin by L-lactate is greatly reduced, particularly with the R268K mutant forms. The results demonstrate the importance of the two arginine residues in the binding of substrate and its interaction with the flavin, and are consistent with a previous hypothesis that they also play a role of charge neutralization in the transition state of substrate dehydrogenation. The replacement of Arg-268 by lysine also results in a slow conversion of the 8-CH3-substituent of FMN to yield 8-formyl-FMN, still tightly bound to the enzyme, and with significantly different physical and chemical properties from those of the FMN-enzyme.
T he enzyme L-lactate oxidase from Aerococcus viridans (LOX) is a member of the family of flavoproteins that catalyze the oxidation of ␣-hydroxyacids (1). The kinetic characteristics of the enzyme have been reported by our group, but still the mechanism of the reductive half-reaction by ␣-hydroxyacids is one of central interest. Our previous study of the reactivity of LOX with a series of para-substituted mandelates indicated little development of charge in the transition state of the reductive half reaction (2) . This result is compatible with either a hydride mechanism or with a synchronous mechanism in which the ␣-CH-of the substrate is formally abstracted as a proton, whereas the resulting charge is simultaneously neutralized by another event. We proposed the participation of two arginine residues, Arg-181 and Arg-268, which are located around the FMN and which could be part of the substrate binding site, based on the x-ray crystal structures of glycolate oxidase (3, 4) and flavocytochrome b 2 (5, 6) . These two arginine residues are conserved in all family members, as shown in Fig.  1 . It should be noted that there is a 20-to 30-aa residue insertion in L-lactate monooxygenase and L-mandelate dehydrogenase between these two arginine residues.
In this paper, we have replaced these two residues by either lysine as a relatively mild perturbation or methionine as removing positive charge (R268K, R181K, R181M, and R181K ϩ R268K) and studied the characteristics of the resulting enzymes to try to elucidate the functions of these arginine residues. We found that both residues are involved in the reductive half reaction and in the interaction of substrates and ligands with the FMN prosthetic group.
Materials and Methods
Site-Directed Mutagenesis. Amino acid substitutions R181K, R268K, and their double substitution were carried out by a site-directed mutagenesis of the lactate oxidase gene in the expression vector, pAOX8, which is composed of a 1.2-kb insert containing the coding region for lactate oxidase in pACYC184. Two fragments were generated by PCR: one contained the sequence from the HindIII site of the pACYC184 plasmid to the site of mutagenesis and the other the sequence from the site of mutagenesis to the BamHI site of the expression plasmid. These two fragments were annealed at the site of mutagenesis and extended enzymatically to yield the coding region with the expected mutation. The resulting sequence was amplified by PCR using the HindIII and BamHI site primers. After treatment with HindIII and BamHI, the DNA product was ligated into these restriction sites in pACYC184 to yield the expression plasmid, pAOX8, with the appropriate mutation. The double mutant was generated by using the primers for both mutations together with the primers that generated the HindIII and BamHI sites, resulting in three DNA fragments, which were annealed, extended, and ligated into the expression vector. The mutation of R181M was carried out by the method of Kunkel et al. (7) .
Flavin Extraction from the Enzymes. Buffer salts in solutions of R268K-LOX and wild-type LOX were replaced by water by repeated ultrafiltration with Centricon 30 filters. Trifluoroacetic acid (TFA) (25 l) was added to 0.5 ml enzyme solution. After 2 min of incubation, the samples were centrifuged in a microfuge for 2 min. Diethyl ether (10 ml) was added to the supernatant and shaken well in a separating funnel to remove TFA from the water phase. This process was repeated until the pH value of the water phase became neutral.
HPLC Analysis. RP-HPLC analysis was carried out with a Hitachi instrument, Hitachi model 655 pump and Hitachi model L-6200 intelligent pump with a Hitachi model F1000 fluorescence detector, using a Hi-Pore RP-318 (Bio-Rad) 250 ϫ 10-mm column. Elution was carried out with a linear gradient between 10% and 50% methanol in 5 mM ammonium acetate solution, and the fluorescence at 530 nm of the eluant was monitored employing an excitation wavelength of 450 nm. The flow rate was 2 ml͞min at room temperature. calibration was done by using neurotensin, angiotensin, or BSA as the external standard or by using the peaks of the matrix in flavin extract samples as the internal standard.
Other experimental methods used in this work were as described before (1, 2, 8) .
Results
Absorption Spectra of Mutants. All of the mutant enzymes were purified by the same method as for the wild type (1) . Absorption spectra of enzyme-bound flavin of mutant forms in 10 mM imidazole buffer in the presence of 100 mM KCl are shown in Fig. 2 Fig. 2 also shows the effects of titration of the enzymes with pyruvate. Pyruvate addition to all of the oxidized enzyme forms results in the development of a slight but distinct shoulder around 490 nm. Red shifts of the flavin visible absorption by 2 nm, 2 nm, and 10 nm were observed in wild type, R181K, and R181M, respectively. On the other hand, neither R268K nor R181K͞R268K showed any peak shift. Using the difference spectral data from titration with pyruvate, the dissociation constants of the oxidized enzyme-pyruvate complexes were determined as 21 mM, 30 mM, and 3 mM for wild type, R181K, and R181M, respectively. were estimated for R181K and R181M, respectively (Table 1) . These values are considerably lower than the reduction rate constant for wild-type enzyme of 320 s Ϫ1 (9) In addition to a decrease in k red , the K d for the oxidized enzyme-lactate complex was also increased significantly for the mutant enzymes. The ratio k red ͞K d lactate is a measure of catalytic efficiency, numerically equal to the better known ratio of k cat ͞K m (9) and is decreased by a factor of 230 for R181K and 32,000 for R181M (Table 1) .
Time-Dependent Changes in Properties of R268K and R181K͞R268K
Mutant Enzymes. Freshly prepared enzyme in which Arg-268 had been replaced by Lys did not show any unusual characteristics in absorbance properties. However, unlike the other mutant enzyme forms, the kinetics of reduction by L-lactate showed biphasic kinetics. For example, the 456-nm traces of freshly prepared R268K decreased in a biphasic manner with ca. 10% occurring in a fast phase and ca. 90% in a slow phase. The fast phase of absorbance decrease at 456 nm correlates with an increase in absorbance at 395 nm and with a small monophasic increase at 550 nm. From the major slow phase traces at 456 nm, the reduction rate constant of R268K by L-lactate was calculated as 210 M Ϫ1 ⅐s
Ϫ1
( Table 1 ). The small amplitude changes of the fast phase made it difficult to determine the associated kinetic parameters accurately, but the reduction rate constant was of the order of 8 ϫ 10
. The double mutant enzyme R181K͞ R268K also displayed biphasic kinetics, summarized in Table 1 .
On long-term storage in ice, the spectrum of R268K gradually changed to one with wavelength maxima at 470 and 350 nm. Similar changes occurred with R181K͞R268K, but not with wild-type enzyme or the other mutant forms. The aged enzyme displayed the same type of multiphasic kinetic patterns as the freshly prepared enzyme, except that now the fastest phase of reduction was associated with the major amplitude changes at 395, 456, and 550 nm. For this phase, the observed rate constants are directly proportional to lactate concentration, with a second order rate constant of 1.3 ϫ 10 4 M Ϫ1 ⅐s
. The second and third phases are manifest only in the 430-to 500-nm region, but because of the small amplitude changes, 17% and 28% the total at 456 nm, it is difficult to determine accurately the associated kinetic constants. Approximate values of 180 M Ϫ1 ⅐s
and 20 M Ϫ1 ⅐s Ϫ1 appear to be associated with these two phases. In the spectral regions 360 -420 nm and 510 -570 nm, Ͼ90% of the absorbance changes are associated with the fast phase of reduction. Fig. 3 shows the spectra of the oxidized and fully reduced forms of the enzyme, freshly prepared and after aging. The unusual spectral properties of the oxidized and reduced aged enzyme are similar to ones reported by Edmondson (10) for 8-formyltetraacetyl riboflavin, where the intramolecular hemiacetal formation with the 5Ј ribityl hydroxyl group found for underivatized 8-formyl riboflavin is prevented by the tetraacetyl substitution. Similar properties would be expected for 8-formyl-FMN, where the terminal ribityl phosphate would also prevent hemiacetal formation.
To test the possibility that the spectral changes observed on aging are because of conversion of the 8-methyl substituent of FMN to a formyl residue, the aged enzyme was denatured with TFA, and the extract was subjected to RP-HPLC and MALDI-TOF mass spectrometry. Control extracts from wild-type enzyme were run in parallel. The HPLC retention time for wild-type extract was 12.54 min, identical to that of authentic FMN, whereas the extract from R268K showed a major component at 9.95 min and a minor component at 12.54 min. MALDI-TOF analyses of the main HPLC fractions showed a molecular weight of 471 for the flavin from aged enzyme and one of 457 from wild-type enzyme. The latter value is exactly that of 
Ϫ161 mV ND, not determinable. In the entries for R268K and R181K͞R268K, the values in parentheses are for the major phase reactions of freshly prepared enzyme and presumably due to the normal FMN form. The corresponding values for aged enzyme are identified by asterisks. All measurements were carried out in 10 mM imidazole with 100 mM KCl at pH 7.0, 25°C.
FMN, and the difference of 14 mass units for the flavin from aged enzyme R268K is that expected for conversion of a CH 3 residue to a CHO residue. The same values of 471 and 457 for the flavins were also evident in the MALDI-TOF spectra of intact enzyme, showing that the 14 mass difference was not associated with release of the flavin from the protein.
Further confirmation of the nature of the modified f lavin was obtained by comparison of spectra of the oxidized and reduced forms with those reported for 8-formyl tetraacetylribof lavin (10) . Reduction was carried out photochemically under anaerobic conditions to yield spectra essentially identical to those reported for the model f lavin (Fig. 4) and characterized by the unusually strong absorbance maxima at 390 and 520 nm for the reduced form. In the pH range around neutrality, lactate oxidase stabilizes both the neutral and anionic forms of FMN, with an observed pKa of 6.0 (1). Because of paucity of modified enzyme, we were not able to make a study of the effect of pH, but, at pH 7, the spectral changes on photochemical reduction (Fig. 3B) indicate the stabilization of both semiquinone forms of 8-formyl-FMN, characterized by the intense peak at 425 nm, presumably that of the anionic semiquinone, and the broad absorption band in the 600-to 800-nm region, characteristic of the neutral semiquinone forms of normal f lavin and other modified f lavins (12) Oxidative Half Reaction by Molecular Oxygen. The two mutant forms where Arg-181 was replaced by Lys or Met were reoxidized by molecular oxygen in a single exponential fashion with observed rate constants directly proportional to the oxygen concentration. The second order rate constants of R181K and R181M were 9.0 ϫ 10 , 47% and 4% of that for wild-type enzyme. On the other hand, the mutant enzyme with Arg-268 replaced by Lys showed two phases, the major phase being the faster one in the case of freshly purified samples of the enzyme. Rate constants are listed in Table 1 . On aging, the R268K enzyme again showed changes in the kinetic pattern of reoxidation by oxygen. Now the minor change in absorbance at 468 nm (Ϸ22% total) was the fastest phase, with a second order rate constant of 1.3 ϫ 10 5 M Ϫ1 ⅐s
. The major change in absorbance (Ϸ73% total) was associated with a rate constant of 8 ϫ 10 3 M Ϫ1 ⅐s
. The third phase (Ϸ5% total) was not capable of consistent analysis. The major phase in aged enzyme is probably because of the 8-formyl-FMN form of the enzyme, because this form is present only in small amounts (Ϸ15%) in freshly prepared enzyme and increases on long-term storage (see previous section).
Sulfite Reactivity. Lactate oxidase, in common with many flavoprotein oxidases (13) , forms an equilibrium flavin N5 adduct with essentially complete loss of the typical flavin absorbance in the 350-to 500-nm region. Thus, the kinetics of adduct formation (k on ) can be monitored conveniently by stopped flow spectrophotometry, and that of adduct dissociation (k off ) by competition with methylmethane thiosulfonate, which reacts very rapidly with free sulfite (14) . All of the mutant forms were found to react much more slowly with sulfite than does wild-type enzyme. R181K and R181M forms showed single exponential reactions with sulfite. Similar simple behavior was found for sulfite release. The relevant k on and k off values are listed in Table 1 . In common with all other properties, the freshly prepared R268K and R181K͞R268K mutant forms showed complex behavior, with minor fast and major slow changes. The derived rate constants are listed in Table 1 .
Steady State Kinetics. The catalysis of oxidation of L-lactate by the mutant enzymes was determined by the method of enzymemonitored turnover, in which the absorbance of the enzyme itself in the presence of excess L-lactate and limiting concentrations of oxygen was used to determine the rates of the enzyme-catalyzed reaction (15) . In all cases, parallel Lineweaver-Burk plots of reciprocal turnover number versus reciprocal oxygen concentration were obtained at various concentrations of L-lactate. Secondary plots of the intercepts versus L-lactate concentration yield the kinetic constants k cat , K m lactate , and K m oxygen , as listed in Table 1 . The results are consistent with a modified ping-pong mechanism as established for wild-type enzyme (1) .
The kinetic constants obtained are in impressive agreement with those predicted from the individual rate constants determined in the separate reductive and oxidative half reactions. For the kinetic mechanism above, k cat ϭ k red , K m lactate ϭ k 2 ϩ k red ͞k 1 and K m oxygen ϭ k red ͞k ox . Also in agreement with the observed apparent second order reactions of R268K and R181K͞R268K with both L-lactate and oxygen, the steady state kinetic plots with these enzyme forms also gave parallel Lineweaver-Burk primary plots, but the secondary plots of intercepts versus reciprocal L-lactate concentration extrapolate to the origin.
Oxidation-Reduction Potentials. The redox properties of R181M were determined by stopped flow experiments, where oxidized enzyme was mixed anaerobically with varied concentrations of L-lactate at a series of fixed concentrations of pyruvate. The degree of reduction of the enzyme flavin was monitored by the spectra of the equilibrium mixture of each reaction. Fig. 5 . These results are expected because of the very different values of the dissociation constants of pyruvate binding to oxidized enzyme (3 mM) and reduced enzyme (160 mM). The data may be analyzed by the following equation (16):
the concentrations of oxidized and reduced forms of the enzyme. The inset of Fig. 5 shows the plots of apparent midpoint potentials at different pyruvate concentrations and also shows the calculated values based on the above equation with the K ox value of 3 mM and K red value of 160 mM. From this plot, the real redox midpoint potential of R268K mutant form is determined as Ϫ140 mV. With R181K, the K d values for pyruvate binding to oxidized and reduced enzyme are similar; hence, pyruvate concentration should have very little effect on the measured redox potential. We therefore determined its redox potential by the same method as described above. In this case, as expected, a single linear plot of log [pyruvate]͞[lactate] versus log [E ox ]͞ [E red ] was obtained, independent of the total pyruvate concentration. The E m value at pH 7.0 was determined as Ϫ126 mV (Table 1) .
With wild-type enzyme, we were not able to employ the above system, because no convenient ratios of pyruvate and lactate could be obtained that provided reliable and reproducible measurements of partially reduced enzyme. In this case, the midpoint potential was obtained by a combination of measurements of the 1-electron redox potential, E m,ox/SQ , and the semiquinone stability constant (17) . The E m,ox/SQ potential was measured as Ϫ95 mV by the xanthine͞xanthine oxidase method (18) using indigo disulfonate (E m ϭ Ϫ116 mV) as standard. The semiquinone stability constant K was determined by following the formation and decay of the semiquinone, with its characteristic large extinction at 398 nm, as a function of time during reduction of the enzyme by the xanthine͞xanthine oxidase system in the presence of benzyl viologen as 1 electron mediator. The value of K was determined as 12.4, which determines the value of the second one-electron couple, E m,SQ/red as being 66 mV more negative than that of E m,ox/SQ , resulting in a value of Ϫ161 mV for the E m,SQ/red couple and in a midpoint potential for the couple E ox ͞E red of Ϫ128 mV (Table 1) .
Discussion
The proposed roles of Arg-181 and Arg-268 in the oxidation of substrate were probed by conservative mutations, in which the original positive charge should be maintained. Thus, the two single mutant forms R181K and R268K, and the double mutant form R181K͞R268K were prepared and their effects on enzyme properties determined. These three mutations had comparatively little effect on the reactivity of the reduced enzymes with oxygen, but affected greatly the rate constant of reduction of the enzyme by L-lactate (Table 1) . Results with the R268K and double mutant enzymes are complicated by the gradual changes of the flavin, but with freshly prepared enzyme the reduction by L-lactate in both cases is effectively second order with rate constants of 210 M Ϫ1 ⅐s Ϫ1 and 0.11 M Ϫ1 ⅐s
Ϫ1
, respectively. This result indicates that not only was reduction more difficult, but that binding of the substrate was so weak that no enzyme substrate complex could be detected. The R181K enzyme showed saturation kinetics on reduction by L-lactate but with a 12-fold lower value of k red than wild-type enzyme and an 11-fold weaker binding of lactate. The binding of pyruvate to the R181K reduced enzyme form was almost 20-fold weaker. These results are consistent with both arginine residues playing a role in catalysis through their interaction with substrate and product.
Because the R181K enzyme retains appreciable catalytic activity, the positive charge of this arginine residue was removed by replacement with methionine. The reduction of R181M by L-lactate still showed saturation kinetics, but the rate was decreased by a further 11-fold from that of R181K and with a further 13-fold weaker binding of lactate. The reoxidation of the reduced enzyme also decreased 23-fold and 11-fold, respectively, from that of the wild-type and R181K enzymes. The R181M enzyme was also unusual in its binding of pyruvate to the oxidized enzyme form, where an unusually large spectral change was observed on binding (Fig. 2) . The binding of pyruvate to the oxidized enzyme was much tighter than that found with wildtype and R181K enzymes, and was also unusual in binding much more tightly to the oxidized enzyme than to the reduced form (Table 1) . Indeed, these properties appear to be the reason for the decreased reactivity of the enzyme with lactate, because the preferential binding of pyruvate to oxidized enzyme would result in a 50-mV decrease of the midpoint redox potential to a value close to that of the free pyruvate͞lactate couple (Ϫ189 mV). This property should be contrasted with that of the R181K enzyme, where pyruvate binding is similar to both oxidized and reduced enzyme forms and so does not perturb the redox potential. On the other hand, with wild-type enzyme, pyruvate binding is 7-fold tighter to reduced enzyme than to oxidized enzyme, which would be predicted to result in a 25-mV increase in the flavin midpoint potential, making the thermodynamics of reduction by lactate even more favorable.
The major surprise with this study was the unexpected conversion of the normal FMN in R268K and R181K͞R268K to 8-formyl-FMN. This is a slow process occurring over many months, but some of the modified flavin is present even in fresh preparations of the enzymes. A corresponding instability has been observed with an analogous mutant form of lactate monooxygenase, where the R293K enzyme appeared to form an equilibrium N5-flavin adduct with a protein thiol residue (19) . Lehman and Thorpe (20) have reported previously on variable amounts of an unidentified flavin in preparations of the electron transfer flavoprotein from pig kidney. The spectral properties of this flavin are very similar to those reported here and in ref. 10 . The mechanism of conversion of normal flavin to 8-formyl FMN has not yet been addressed experimentally. The conversion involves a four-electron oxidation, possibly initiated by proton abstraction from the 8-methyl substituent by the unprotonated -amino residue of the introduced lysine and subsequent reactions of the resulting 8-quinone methide, a very reactive flavin form involved in covalent flavin-protein attachment (21) (22) (23) . In this respect, we plan to change Arg-268 to a methionine residue, where the conversion to 8-formyl FMN would not be expected to occur.
The properties of the 8-formyl FMN enzyme are consistent with the higher redox potential expected of 8-formyl-FMN. Based on the studies of Edmondson (10) , the midpoint potential of 8-formyl-FMN at pH 7 would be expected to be ca. Ϫ90 mV, a value ca. 120 mV more positive than that of FMN. From the previously observed linear free energy relationship data, this increase in redox potential would be expected (9) to result in much faster reduction by lactate, much slower reoxidation of the reduced flavin by oxygen, and a considerably tighter binding of sulfite, in keeping with the results obtained ( Table 1 ).
In conclusion, the present studies confirm a catalytic role for Arg-181 in addition to that of Arg-268, as expected from the crystal structures of flavocytochrome b 2 (5) and glycolate oxidase (4) and the impressive conservation of active site residues in this whole family of enzymes (1, 14, 24) . Similar mutations have been carried out with lactate monooxygenase (25, 26) , mandelate dehydrogenase (27) , and flavocytochrome b 2 (6, 28) . In each case, it is clear that the pairs of arginine residues are involved in substrate binding and catalysis. Although the results do not offer any real proof, they are consistent with the hypothesis that the two arginine residues serve the complementary roles of assisting in binding of the substrate carboxylate and in neutralizing the negative charge developed in the transition state on removal of the proton from the ␣-carbon position by the active site histidine base (2) .
